1. Introduction {#sec1}
===============

There is growing evidence that the inhibitory neurotransmitter gamma-aminobutyric acid (GABA) and the brain-derived neurotrophic factor (BDNF) play crucial roles in depression, anxiety, epilepsy, and in the treatment of these conditions ([@bib5]; [@bib23]; [@bib31]; [@bib32]; [@bib42]; [@bib48]; [@bib58]).

GABA is the primary inhibitory neurotransmitter in the adult brain and shapes the dynamic neural network via GABAergic interneurons ([@bib22]; [@bib59]). Magnetic resonance spectroscopy (MRS) allows for a non-invasive measurement of the GABA concentration in the brain of living humans. Human and rat studies showed gender-related differences in GABA concentration, with men showing higher GABA concentrations compared to women ([@bib1]; [@bib35]; [@bib51]; [@bib53]).

MRS is an imaging technique to quantify metabolites such as GABA in the brain within one or several voxels of interest ([@bib13]; [@bib40]; [@bib42]). With MRS, signals from total intra- and extracellular GABA as well as GABAergic interneurons across all tissue content are measured ([@bib13]; [@bib59]). The MRS-visible GABA signal therefore reflects the dynamic balance between GABA synthesis, reuptake and degradation around the synapses ([@bib31]), and has been shown to be sensitive to medication-induced changes (e.g. from antiepileptic drugs like topiramate ([@bib39]; [@bib56]), which also induce changes in cortical excitability in humans ([@bib12]).

BDNF is a protein that belongs to the neurotrophin family of growth factors and it is involved in several aspects of neuronal functioning ([@bib50]). BDNF can be found in the brain as well as in the blood, secreted by circulating platelets in humans, which release BDNF during blood coagulation. Its concentration can be measured non-invasively in serum ([@bib41]; [@bib63]). BDNF serum concentrations have been associated with the BDNF concentration within the brain ([@bib33]; [@bib37]). However, the mechanisms explaining this association remain to be fully elucidated ([@bib11]; [@bib33]; [@bib50]; [@bib61]).

The most plausible explanation for the presence of BDNF in the platelets are the platelet-generating megakaryocyte cells. These cells have been found to contain BDNF transcripts and may represent the link between brain and serum BDNF concentrations ([@bib6]; [@bib50]). BDNF serum concentrations were shown to be decreased in untreated depressed participants compared to healthy subjects, and females tend to have lower BDNF serum concentrations compared to men ([@bib11]; [@bib14]; [@bib15]; [@bib38]; [@bib41]; [@bib46]; [@bib52]). Studies also found associations between BDNF and the volume of the prefrontal cortex ([@bib19]; [@bib21]; [@bib28]; [@bib45]; [@bib54]), suggesting a link between prefrontal brain structure and function, and BDNF concentration in the serum.

Some rat and human studies have demonstrated interactions between GABA-ergic neurotransmission and BDNF release. On one hand, BDNF can suppress or presynaptically enhance GABA release through the activation of postsynaptic tropomyosin receptor kinase B (TrkB)-type receptors, which may result in an altered total GABA concentration ([@bib4]; [@bib9]; [@bib34]; [@bib55]; [@bib60]; [@bib62]). Conversely, changes in the balance between excitatory glutamatergic and inhibitory GABAergic neurotransmission has been shown to alter BDNF expression ([@bib57]). The activation of glutamate receptors enhances the synthesis of BDNF, whereas stimulation of the GABAergic system decreases BDNF synthesis and thus may alter BDNF concentration in the brain and in the blood ([@bib22]; [@bib44]; [@bib64]).

Diminished GABA-ergic transmission in the prefrontal cortex has been related to circuit dysfunction in mood- and stress-related disorders including major depressive disorder (MDD) ([@bib24]; [@bib25]; [@bib31]). Given the results from rat and human studies cited above, we hypothesized that a higher left dorsolateral prefrontal cortex (DLPFC) GABA concentration is associated with lower BDNF serum concentration, and that this association differs between genders. To elucidate this putatively inverse relationship between GABA and BDNF in healthy and depressed subjects, we investigated healthy subjects and current and remitted MDD patients in a community-based sample. In particular, we assessed left prefrontal GABA concentrations with single-voxel MRS and BDNF concentration in the serum. Clinical characterization of the research subjects included diagnostic interviews based on DSM-IV and standard rating instruments for depressive symptoms.

2. Methods and materials {#sec2}
========================

2.1. Recruitment {#sec2.1}
----------------

Participants were recruited by advertisements in local newspapers or by blackboard webpages of the University of Zurich for this ongoing cohort study. This provided us with a sample of young adults from the general population. After a full explanation of the goals and risks of the study and after giving their consent, participants were admitted to the study. Inclusion criteria were age between 18 and 40 years and preferably being without any psychopharmacological medication for the last three months before testing to minimize the possible effects on the brain. Participants with current or remitted MDD were included into the study, but other severe psychiatric disorders, for example schizophrenia were excluded. The local ethics committee approved the study and the written consent (Kantonale Ethikkomission Zürich). The study described has been carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) for experiments involving humans. In one of our previous studies ([@bib29]) we report data from a subset of the participants in the present study.

2.2. Procedure {#sec2.2}
--------------

After giving consent the participants were screened for magnetic resonance (MR) safety with a standard checklist and for psychological disorders with the screening part of the Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders (SCID) for DSM-IV. Later the participants completed an extensive battery of psychological and physiological questionnaires. Validated German versions of all instruments were used. Finally, an approximately five hour long face-to-face session at the Children\'s Hospital in Zurich was conducted.

The face-to-face session, during which participants had to complete paper-pencil versions of psychological questionnaires, was supervised by a trained psychologist. Fifty ml blood samples were collected by trained staff from the hospital after the psychological assessments. Subjects underwent an MR session in a 3.0T GE Discovery MR750 scanner.

2.3. Sample {#sec2.3}
-----------

276 subjects were assessed with MRS, in 147 we had both MRS and BDNF serum data (67.6% females) and in 79 we also had genotype data on the polymorphism rs6265 of the BDNF gene.

Exclusion criteria were age outside the range of 18--40 years, preferably no use of psychopharmacological drugs in the past three months, severe psychiatric disorders such as schizophrenia, drug or alcohol abuse or and any illnesses or accidents affecting the brain or genetic variance, as for example brain injuries or diabetes.

Of the 276 subjects who underwent magnetic resonance imaging (MRI) scanning, two were excluded because they had mild abnormalities that could potentially influence the results (an arachnoid cyst in the right posterior lateral ventricle; a lipoma with dysplasia of the corpus callosum) leaving us with a sample of 274 subjects. Of these 274 subjects, 75 were diagnosed with MDD (16 currently depressed and 59 partially or fully remitted). Out of the reported 147 subjects with both GABA and BDNF serum data, 29 were diagnosed with MDD, including eight currently depressed and 21 partially or fully remitted ([Table 1](#tbl1){ref-type="table"}). Three of the MDD cases were on psychotropic medication (antidepressants or antipsychotics). Out of the 147 subjects, 99 were females and 54 of them were taking contraceptive medication.Table 1Clinical characteristics of the original sample (N = 274) and the subsample (N = 147) with available data concerning GABA concentration and BDNF serum concentration used in this study.Table 1GABA sampleGABA-BDNF subsampleN274147Age Mean (SD) \[years\]24.68 (4.57)24.45 (4.35)Females179 (65.3%)99 (67.3%)MDD current or remitted (N)75 (27.4%)29 (19.7%)Medicated Subjects3 (1.1%)2 (1.4%)Mean BDNF serum concentration (pg/ml)-11500 (3400)BDNF rs6265 genotypes (subsample N = 109/79)c/c 61 c/t 43 t/t 5c/c 43 c/t 33 t/t 3BDI Mean (SD)4.81 (6.87), 2 missing3.81 (6.53), 2 missingMADRS Mean (SD)3.44 (5.56), 1 missing2.96 (5.90), 1 missingVolume left prefrontal cortex (gyri and sulci, cm^3^)52.84 (6.10), 1 missing53.18 (6.17)Surface left prefrontal cortex (gyri and sulci, cm^2^)165.16 (17.95), 1 missing165.71 (17.33)

2.4. Blood sampling {#sec2.4}
-------------------

Venous blood samples were taken on the day of MR scanning in the Children\'s Hospital (mean time 2:12 p.m., standard deviation 1.1 h). The blood samples were analysed by specialized laboratories in Basel (Switzerland) and New York (United States).

BDNF serum samples were stored at −80 °C before assaying BDNF content. An enzyme-linked immunosorbent assay (ELISA) kit (Biosensis® Mature BDNF RapidTM ELISA Kit: Human, Mouse, Rat; Thebarton, SA, Australia) was used to assess the serum BDNF concentrations. Serum samples were appropriately diluted (1:100) and detection of BDNF was carried out on a pre-coated mouse monoclonal anti-mature BDNF 96-well plate as described in the manufacturer\'s protocol. The absorbance was measured within 5 min after addition of the stop solution in a microplate reader set at 450nm and a correction wavelength set to 690nm, to determine BDNF concentrations according to the standard curve. All assays were carried out in duplicate and means were calculated.

2.5. MRI data acquisition and analyses {#sec2.5}
--------------------------------------

MRI data were obtained with a 3.0 GE Discovery MR750 scanner equipped with an eight-channel receive-only head coil. The measurements included a localizer and a 3D T1-weighted spoiled gradient recalled (SPGR) sequence for the assessment of global and local brain volumes (162 slices of 256 x 256 voxels, 1 × 1 × 1 mm resolution; TR = 11 ms, TE = 5 ms, TI = 600 ms, flip angle 8°), which was used for the localization of the MR spectra.

T1-weighted images were segmented and warped into MNI space using "new segment" procedure in SPM12 for Matlab. For volumetric measurements, freesurfer (version 5.3.0) was run over the 3-dimensional T1-weighted images ([@bib10]; [@bib17]). Volumes of subcortical structures, whole brain volumes and areas and thicknesses of neocortical areas can be analysed by this software.

MR spectra were acquired from a 25 × 40 × 30 mm voxel in the left frontal lobe using the MEGA-PRESS method (TE = 69 ms, TR = 2000 ms, 320 averages and eight-step phase cycle; [Figure 1](#fig1){ref-type="fig"}). We chose the left DLPFC (and not the right one) because most MRS studies examined the left side ([@bib49]), and because of the default direction of the chemical shift effect on the scanner, which by results in fat being shifted to the left (so for a voxel on the left side of the brain, scalp fat is shifted away from the voxel), and water being shifted to the right (so for a voxel on the left side of the brain, ventricular water is also shifted away from the voxel). Due to the major overlapping signals for GABA with those from N-acetyl aspartate (NAA) and Creatine, the MEGA-PRESS technique was used to edit the GABA signal ([@bib59]). Due to the overlap of the edited GABA peak with co-edited macromolecules, findings represent GABA^+^ rather than pure GABA values.Figure 1MR images showing the position of the measured voxel in the left DLPFC.Figure 1

MR spectra were preprocessed with a vendor-provided pipeline, which included steps for coil combination, frequency alignment, phasing, residual water removal, and averaging, and both the edited data and water reference data were saved as.RAW files for processing with LCModel. Spectral fitting for the edited data was performed with LCModel version 6.3 using a simulated basis set, including basis spectra for GABA, Glutamate, Glutamine, Glutathione, N-acetyl-aspartate (NAA), and N-acetyl-aspartly-glutamate (NAAG). The control parameter sptype was set to 'mega-press-2' to control the baseline fitting, and spectra were visually inspected for the quality of the GABA fit.

Metabolite levels with a Cramer-Rao lower bound (CRLB) of more than 20% were excluded from the analysis. Water-scaled GABA+ concentrations were calculated in institutional units after correcting the GABA+ and estimated water concentrations for cerebrospinal fluid contamination (atrophy) within the voxel ([@bib8]). [Figure 2](#fig2){ref-type="fig"} shows the edited and unedited spectra for all participants, together with the group mean spectra and the mean LCModel fit across the group.Figure 2Edited and unedited spectra for all participants. The individual spectra for all participants are shown in grey, with the group-mean spectra overlaid in black and the mean LCModel fit overlaid in red. The residuals from each participant are also plotted in grey above the spectra.Figure 2

2.6. Psychological measurements {#sec2.6}
-------------------------------

Subjects filled out the Becks Depression Inventory (BDI) ([@bib2]) and the Montgomery-Asberg Depression Rating Scale (MADRS) ([@bib47]) shortly before MR scanning at the Children\'s Hospital in Zurich, using the validated German versions. Psychiatric diagnoses were made based on the SCID for DSM-IV ([@bib16]).

2.7. Statistics {#sec2.7}
---------------

In explorative analyses, we tested associations between GABA+ concentration, biological measures (BDNF serum concentrations and left DLPFC volumes) and depressive psychopathology (BDI, MADRS, MDD DSM-IV diagnosis) using Pearson\'s bivariate correlation analyses in SPSS (IBM SPSS Statistics, Version 24).

Due to previously reported gender differences concerning both GABA and BDNF serum concentrations we repeated the analyses in the female and male subsample. MDD was added to the analyses as confounding parameter in a partial correlation. Post-hoc analyses were also conducted to examine the link between BDNF and other neuro-metabolites present in the edit OFF spectra, namely, NAA, Creatine, Choline, and myo-inositol.

3. Results {#sec3}
==========

[Figure 3](#fig3){ref-type="fig"} shows that GABA+ concentration in the DLPFC was significantly negatively associated with the BDNF serum concentration (r = -.264, p = .001, N = 147; [Figure 3](#fig3){ref-type="fig"}). This negative association was significant in the female subsample (r = -.306, p = .002, N = 99) but not in the male subsample (r = -.189, p = .197, N = 48).Figure 3Bivariate correlation between GABA concentration in the left prefrontal cortex, corrected for atrophy and water scaling, and BDNF serum concentration, normalized and averaged (*r* = -.264, *p* = .001, N = 147).Figure 3

BDNF serum concentrations were positively associated with the volumes of the left prefrontal cortex (gyri and sulci; r = .164, p = .048, N = 147), and the surface area of the left prefrontal cortex (gyri and sulci; r = .231, p = .005, N = 147). GABA+ concentration showed no significant association with the volume or the surface of the left prefrontal cortex (volume: r = -.128, p = .122; surface: r = -.089, p = .282; N = 147).

GABA+ concentration in the left DLPFC was not significantly associated with the diagnosis of MDD (r = -.092, p = .268, N = 147), BDI sum score (r = -.043, p = .604, N = 145) and MADRS total score (r = -.081, p = .333, N = 146, 1 missing). There was no significant association between BDNF concentration in the serum and MDD diagnosis (r = .105, p = .203, N = 147), BDI sum score (r = -.031, p = 709, N = 145) and MADRS total score (r = .099, p = .236, N = 146). BDNF concentration in the serum was not significantly associated with hippocampal volumes (left hippocampus volume: r = -.058, p = .488; right hippocampus volume: r = .041, p = .618; N = 147). In N = 79 subjects we had genotype data on the BDNF polymorphism rs6265. We did not find a significant association between this polymorphism and bilateral hippocampal brain volumes (left hippocampus volume: r = .159, p = .161; right hippocampus volume: r = .170, p = .135; N = 79), BDNF serum concentration (r = .059, p = .608, N = 79) or prefrontal GABA+ concentration (r = -.038, p = .742, N = 79). This result remained unchanged after excluding the three medicated subjects (data not shown). Using age, BMI or sports activity as a control variable did not change the results either.

The bivariate correlations were also calculated for genders separately, due to reported sex-differences in GABA and BDNF systems. There was a trend for an association between left DLPFC GABA+ concentration and MADRS total score in male subjects (r = -.267, p = .067, N = 48) but not in female subjects (r = -.010, p = .922, N = 98). The partial correlation showed a significant association between prefrontal GABA+ and BDNF serum concentration if corrected for sex (r = -.264, p = .001).

The partial correlation revealed that MDD did not change the significant results between GABA+ and BDNF serum concentration (r = -.257, p = .002, N = 144), between BDNF concentration in the serum and left prefrontal volume and surface-area (volume: r = .197, p = .017; surface-area: r = .266, p = .001; N = 144). The use of contraceptives was not associated with the BDNF polymorphism (r = .032, p = .780, N = 79), BDNF serum concentration (r = .097, p = .241, N = 147) and prefrontal GABA+ concentration (r = -.053, p = .525, N = 147). The post-hoc tests for a link between BDNF and other neuro-metabolites present in the edit OFF spectra did not reveal any significant associations (all p \> 0.12). Using Creatinine instead of H2O as reference signal did not change the main findings of this study.

4. Discussion {#sec4}
=============

In a cohort of young adults from the general population, we investigated the link between GABA+ levels in the left DLPFC, prefrontal brain volumes and surface-areas, serum BDNF concentrations, and depressive psychopathology.

The main finding of the present study is that higher GABA+ concentrations in the left DLPFC were associated with lower BDNF serum concentrations in young adults. No association was found between the BDNF polymorphism and GABA+ concentration. In the gender-specific analyses, the significant association between GABA+ and BDNF serum concentration held true in the female but not in the male subsample. BDNF serum concentration was associated with increased brain volumes and surface-areas in the left prefrontal cortex. No associations were found between GABA+ concentration, BDNF polymorphism and left prefrontal volumes and surface-areas. Depressive symptoms as measured by BDI and MADRS and MDD diagnosis were not associated with GABA+, BDNF polymorphism or BDNF serum concentrations, but we found a negative trend towards a correlation between GABA+ concentration and MADRS total score in males but not in females. Depression did not affect the association between GABA and BDNF.

Previous studies investigating the relationship between GABA and BDNF have suggested a complex and not yet fully understood interplay between the two factors, as discussed in the introduction ([@bib4]; [@bib9]; [@bib44]; [@bib55]; [@bib57]; [@bib64]). The connection between GABA and BDNF may depend on pre- and postsynaptic effects of the two factors and may differ considerably between brain regions ([@bib44]; [@bib57]; [@bib60]; [@bib64]). Both GABA and BDNF serum concentrations have been shown to be reduced in subjects with MDD and subjects after acute and chronic stress ([@bib18]; [@bib31]; [@bib36]). However, in remitted subjects with MDD, prefrontal GABA concentration was found to be normal ([@bib30]; [@bib59]). Our findings of normal BDNF and GABA concentrations in MDD may therefore arise as a result of our community-based sampling method, leading to the inclusion of subjects with rather mild, partly remitted and unmedicated MDD.

Previous studies on serum BDNF concentrations have found gender differences, with men showing higher BDNF serum concentrations compared to women ([@bib11]; [@bib52]). Our study suggests that gender differences in BDNF concentrations are unrelated to depression-related disorders, and could possibly be related to the effects of sex hormones ([@bib14]).

To date, our knowledge about sex-related differences concerning the GABAergic system is limited. Some studies have shown higher GABA concentrations in men compared to women ([@bib51]; [@bib53]). Our significant correlation between GABA+ and BDNF serum concentration in the female but not in the male subsample may reflect both GABA and BDNF specific gender differences. The negative trend in our results between GABA+ concentrations and MADRS scores in the male but not in the female subsample may also reflect the gender differences concerning GABA but should be interpreted with caution. Although many previous studies investigated GABA and BDNF serum concentrations in subjects with psychiatric disorders, the apparent gender differences in both GABA+ and BDNF seen in our study of young adults from the general population indicates that gender should also be considered in group comparisons of healthy samples with psychiatric groups ([@bib46]). In addition, since BDNF concentrations can be normalized by antidepressant treatment ([@bib38]), medication status should be taken into account to avoid potential confounds from medication effects.

BDNF is strongly expressed in the limbic brain regions, hence many studies have tested for associations between hippocampal volumes and BDNF serum concentrations, yielding inconsistent results ([@bib20]; [@bib28]). In our study, we did not find a significant correlation between BDNF concentration in the serum or the BDNF polymorphism rs6265 and hippocampal brain volumes.

With regard to the BDNF polymorphism, we did not find a significant association with BDNF concentration in the serum. The BDNF gene is located on chromosome 11p13 and encodes proBDNF, which generates mature BDNF, which can be measured in plasma and serum ([@bib14]). Most studies have researched the single nucleotide polymorphism (SNP) rs6265 (Val66Met) of the BDNF gene, but the association between this polymorphism and BDNF serum concentrations show divergent results and the mechanism has yet to be demonstrated in detail ([@bib33]; [@bib36]; [@bib50]; [@bib52]). The Met allele of the rs6265 polymorphism is thought to impair the intracellular trafficking of proBDNF into the dendrites and vesicles, thus this SNP seems to play an important role in the regulation of extracellular BDNF concentrations ([@bib36]). A series of studies have examined the SNP rs6265 regarding the risk of depression and hippocampal volumes ([@bib14]). In healthy controls, homozygous Val/Val carriers of the rs6265 polymorphism showed larger hippocampal volumes compared to Met carriers ([@bib27]; [@bib36]). However, Harrisberger et al. found no such association between the rs6265 polymorphism and hippocampal volume in patients with MDD ([@bib28]). Forde et al. showed that the BDNF Val66Met polymorphism may not be as specific as previously supposed, but may have a global effect on the cortical morphology in humans ([@bib19]). Matsuo et al. presented smaller DLPFC volumes in Val/Met carriers as compared to the Val/Val subjects ([@bib45]). Our results of increased BDNF serum concentration being associated with larger volumes and surface-areas in the prefrontal cortex in young adults may reflect the association between BDNF polymorphism and prefrontal brain volume, but still it remains unclear whether and how BDNF serum concentration is linked to BDNF in the brain ([@bib50]).

Recently it has been suggested that, aside from platelet-generating megakaryocytes, epigenetics may play an important role in the association between BDNF serum and brain BDNF concentrations ([@bib6]; [@bib7]; [@bib43]; [@bib50]). Mallei et al. showed that homozygous mice Met carriers displayed repressive neuronal activation of BDNF and repressive epigenetic changes in certain BDNF promoters, which is accompanied by reduced transcription of BDNF promoters ([@bib43]).

Our non-significant results regarding serum BDNF concentration and depression-related symptoms may indicate that the downregulation of BDNF serum concentration may not be associated with healthy or mostly remitted MDD participants, but may be specific to severe MDD and reflect the complex molecular pathologies of psychiatric disorders ([@bib26]).

The present study provides insight into the association of prefrontal GABA concentration, BDNF serum concentration, prefrontal brain volumes, and depressive symptoms in a cohort of young adults from the general population. The approach of a community-based sample of young subjects should be considered a strength of the present study, as the comparability to the general population is higher than in studies that included severely depressed participants under psychopharmacological drugs. To our knowledge, the association between prefrontal GABA and BDNF serum concentration has not been examined in in humans, although animal studies have suggested an important connection between central GABA concentration and BDNF. Furthermore, our study was large enough to study the sexes separately. We sought to keep the time of the blood and MRS measurements constant, because BDNF shows a strong circadian variation ([@bib3]).

The following limitation of our study merits comment. MRS total GABA signal was measured within a relatively large voxel. Our method does not allow for discrimination between GABA concentrations of different cell types. The spectral overlap between GABA and other metabolites remain a challenging issue with MRS. We used the MEGA-PRESS technique to address this limitation, but it is important to note that some macromolecular contribution is likely to be present in the GABA signal detected by MEGA-PRESS, and this signal should therefore be regarded as GABA+ rather than as pure GABA.

In the present study, two specific aspects of BDNF, namely its concentration in the serum and the rs6265 polymorphisms were investigated. The relationship between brain and serum BDNF has still to be elucidated and thus the results should be considered with caution. Although contraceptive medication does not seem to impact our results, we cannot rule out the possibility that differences between females and males are moderated by sex-hormones. As our sample consisted of young subjects from the general population with low depression scores, our results may differ from samples with current MDD subjects.

In conclusion, our data suggest a complex but important association between GABA+ concentration and BDNF serum concentration, prefrontal brain volumes and possible gender related differences in young adults. To understand the mechanisms concerning the interaction between BDNF and GABA concentration better, it would be interesting to combine the factors investigated in this study with stress-related epigenetics in a bigger sample. We are planning to conduct follow-up assessments of our cohort to evaluate the predictive value of our measures. For the gender differences concerning GABA and BDNF concentration future studies should focus on gender-matching between groups and should consider the menstrual cycle, contraceptive use and sex-hormones of female participants. In addition, in future studies it would be interesting to examine the effects of neurotrophic factors and epigenetic markers and their influence on depression and stress-related disorders.
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